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ABSTRACT 

We present the results of an AAT wide-field camera survey of the stars in the Monoceros 
Ring and purported Canis Major overdensity in the Galactic longitudes of / = (193 - 276)°. 
^ [ Current numerical simulations suggest that both of these structures are the result of a single 

— . i on-going accretion event, although an alternative solution is that the warped and flared disc 

*-£h ■ of the Galaxy can explain the origin of both of these structures. Our results show that, with 

regards the Monoceros Ring, the warped and flared disc is unable to reproduce the locations 
Q ■ and strengths of the detections observed around the Galaxy. This supports a non-Galactic 

V- 1 | origin for this structure. We report 8 new detections and 2 tentative detections of the Mono- 

r/3 . ceros Ring in this survey. The exact nature of the Canis Major overdensity is still unresolved 

although this survey provides evidence that invoking the Galactic warp is not a sufficient so- 
lution when compared with observation. Several fields in this survey are highly inconsistent 
with the current Galactic disc models that include a warp and flare, to such an extent that ex- 
y\ ' plaining their origins with these structures is problematic. We also report that the Blue Plume 

stars previously invoked to support the dwarf galaxy hypothesis is unfounded, and associating 
them with an outer spiral arm is equally problematic. Standard Galactic models are unable to 
accommodate all the observations of these new structures, leading away from a warped/flared 
disc explanation for their origins and more toward a non-Galactic source. Additionally, evi- 
dence is presented in favour of a detection of the Canis Major dwarf stream away from the 
Canis Major region. As the outer reaches of the Galactic disc continue to be probed, the fas- 
cinating structures that are the Monoceros Ring and Canis Major overdensity will no doubt 
continue to inform us of the unique structure and formation of the Milky Way. 
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1 INTRODUCTION 

Recent deep optical/I R surveys, such as the S loan Digital Sky Sur- 
vey (SDSS) dAdelman-McCarthv et al]|200e ) and t he Two-Micron 
All Sky Survey (2MASS) jSkrutskie et alj l200fjh are revealing 
increasingly complex structures in the Halo of the Milky Way. 
Among these, several new dwarf galaxies and tidal streams have 
been uncovered, but do these results favour the current galaxy for- 
mation paradigm? Can we consider thes e new structures as sup- 
porting the A Cold Dark Matter theories dAbadi et ai1l2003al lbh of 
galaxy formation? Are these the low-mass satellites which will be 



gradually accreted over time, and do they resolve previous issues 
such as the missing satellite problem? 

While it may be a little premature to answer these ques- 
tions with the current knowledge of Local Group environment, 
there is still little direct evidence to support the idea of a 
merger history for the Milky Way. The Sagittarius dwarf galaxy 
dlbata. Gilmore. & Irwin|[l994l) has shown that such accretion does 
occur and is in fact on-going but there are still too few nearby tidal 
stream remnants to confirm it as the primary Galaxy formation 
mechanism. However, analyses of these large surveys are uncov- 
ering new dwarf galaxies and tidal streams in the inner halo of the 
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Milky Way. For example, the discovery of tidal debris covering 60° 
of the sky only 20 kpc from the Sun, along with a new dwarf galax y 
and other tidal debris is prese nte d by IG rillmair & Johnsonl ( 2006): 
IGrillmair & Dionatosl J2006al lbh: iGrillmaij d2006al) . Iwillman et al.l 
d2005allbl) have uncovered a new dwarf galaxy in Ursa Major along 
with the tiny Willman I object, which is on the border between 
globular clusters and d warf galaxies. Even clos er s atellite galax- 
ies hav e been found with Belokur ov et al.l d2006ch and lZucker et al.l 
(2006) presenting the discovery of another two dwarf galaxies us- 
ing the SDSS database. These two in Bootes and Canes Venatici are 
located heliocentrically at ~60 and 220 kpcrespectively, and are, 
with the Ursa Major dwarf galaxy, pointing to a possib le resolution 
of the missing Galactic satellites problem outlined in Klvp in et al.l 
( 1999 ). Further structur e is also highlighted in the discussion by 
Belo kurov et al. (2006a) on the presence of tidal arms in the nearby 
globular cluster NGC5466. 

Our nearest spir al neighbour, M 3 1, als o shows a complicated 
formation history as Ferg uson et al.l {2002) have revealed in the 
Isaac Newton Telescope Wide Field Camera Survey (INTAVFC). 
M3 1 was long thought to have been a relatively quiet spiral galaxy 
with a well defined edge, but a faint diffuse outer disc, riddled 
with substructure, is now visible. W ithin this substructure, a gi- 
ant stellar stream l Ibata et all 1200 id) , a new class of stellar clus- 
ter dHuxore t al. 2005) and the new dw arf galaxy, Andromeda IX 
(Lewis et alj|2004l: Zuck er et al have been discovered. As 

we probe our own Galaxy to similar depths, will we uncover simi- 
lar structure? The results coming from the SDSS and 2MASS sur- 
veys are suggestive of this. The Milky Way however, does seem 
to be a less complex system. Although the Milky Way shows evi- 
dence of tidal debris in the Halo, within the Disc of the Galaxy a 
major change in recent years has bee n the discovery of the Mono- 
ceros Ring by iNewberg et alj d2002h and its purp orted progenitor, 
the Canis Major dwarf galaxy dMartin et alj2004ah . The alternative 
source of the e xcess stars in Canis Maj or is the Argo Star System 
as discussed in Rocha-Pint o et al. (2006). 

The focus of the survey presented here has been to extend 
the INTAVFC survey of the Monoceros Ring dConn et alJl2005iJ) 
around the Galactic plane, as well as surveying around the Canis 
Major region to provide insight into the possibility of locating a 
dwarf galaxy there. The present survey has also attempted to inves- 
tigate the Triangulum- Andromeda e overdensity l Rocha-Pinto et al.l 
l2004h and the Virgo overdensity djuric et "all l2005l) . These results 
will be presented elsewhere. 

The layout of this paper is as follows: ^summarises the dis- 
covery of the Monoceros Ring and the Canis Major dwarf galaxy; 
fJ5] describes the observational procedure and data reduction. Sec- 
tion [4] outlines the method employed to analyse the data, the use 
of a synthetic Galaxy model for comparison and the procedures 
for determining distances and completeness. Section|5]presents the 
data and the discussion and conclusions of this study are found in 
36]and S0 



2 THE MONOCEROS RING AND THE CANIS MAJOR 
DWARF GALAXY 

Discovering the Monoceros Ring (MRi) via an overdensity of 
colour selected F-stars in the SDSS dataset. INewberg e t al. ( 2002) 
described its orig inal extent from / = (170 - 220)°. Subsequent sur- 
veys in 2MAS S dRocha-Pinto et al. 2003; Martin et alj|2004ah and 
the INTAVFC dlbata et alj|2003l ; IConn et al.ll2005ah extended the 
MRi detections back towards the Galactic centre with some ten- 



tative detectio ns in the fields ( l b) = ( 61,±15)° and (75,+15)°. 
More recently, iBelokurov et al.l d2006al) . while tracing the Sagit- 
tarius stream with SDSS, notes the presence o f the MRi in two 
bands at latitudes of b = (20 - 30)° . Additionally. IGrillmair! J2006bh 
discusses substructure in the MRi, again revealed in the SDSS cat- 
alogue. Consistently, the MRi is found on both sides of the plane of 
the Galaxy at galactocentric distances of ~17 kpc. 

Re vealing an overdensity i n the 2MASS data, Martin et al.l 
d2004ah fulfilled a prediction by INewberg etail d2002l) that a po- 
tential progenitor of the MRi could lie in the nearby Canis Ma- 
jor constellation. Nestled under the Galactic disc, this overden- 
sity, dubbed the Canis Major dwarf galaxy (CMa), can be found 
at (l,b) = (240,-9)° and ~7 kpc from the Sun. I ts close prox- 
imity to the Galactic disc led iMomanv et al. I d2004h to argue that 
the overdensity was simply a con sequence of t he Ga lactic warp. 
In response to this interpretation. iMartin et al. (2005a) presented 
results from a 2-degree Field (2dF) spectrographic radial veloc- 
ity survey taken at the Anglo-Australian Telescope. The initial 
results were complicated through difficulties in removing the in- 
stru mental signature from the data, but after resolving these is- 
sues IMartin et alj d2005al) maintained an interesting population of 
stars with a velocit y anomalous to the Galactic disc. Additionally, 
IConn et alj d2005bl) showed that in the background of CMa, the 
MRi was present at a distance of ~13.5 kpc, with a velocity of 
~ 133 kms -1 and a dispersion of 23 kms -1 . Finally, using ra- 
dial velocity data of the Carina dwarf and Andromeda galaxies, the 
MRi w as revealed in the foreground of these objects ( Mart in et al.1 
l2006al) . In front of the Carina dwarf, it has properties of <V r > = 
145±5 kms -1 with a velocity dispersion of only 17±5 kms -1 . 
In front of the Andromeda galaxy, with stars taken from the "One 
Ring" field (l,b) = (123,- 19)°, it has properties of <V r > = -75±4 
km s~ and a dispersion of 26±3 km s~ 1 . Slowly, both a velocity 
and spatial distribution of the MRi is being revealed. 

The three main sources of evidence for the CMa dwarf 
are (in order of significance): the overabundance of Red Clump 
and RGB stars in thi s region as seen in the 2MASS catalogue 
dBellazzini et a i] |2006l) : the additional velocity component as seen 
in the 2dF survey of the CMa region and the presence of a 
strong Blue Plume population as can be seen in Figure 1 of 
iMartfnez-Delgado et al.1 d2005al) . Recently, the origin s of the Blue 
Plume pop ulation has been broug ht into question bv lCarraro et al.1 
d2005l) and Moitinho et al. I d20061) . who do not associate these stars 
with the foreground overdensity, but rather part of a more distant 
population of stars. This distant population is claimed to be the ex- 
tension of the Norma-Cygnus spiral arm into the CMa region; and 
so these sta rs now require greater scrutiny in light of this new in- 
terpretation. IMomanv et al. d2006h has also produced a more com- 
plete study of their warp scenario, in which they confront the first 
and second sources of evidence for CMa. They argue that not only 
can the CMa overdensity be expl ained by the warp, bu t that the ve- 
locity dispersion as presented by Ma rtin et"aT1 d2005a) is expected 
by current Galaxy models and shows nothing new. In studying the 
outer disc they suggest the MRi is not a tidal arm from an accre- 
tion event but rather the extension of the flare of the disc into those 
latitudes. In short, they claim all of the new structures in the disc 
of the Milky Way are simply explaine d in terms of known Galac- 
tic structure. lLopez-Corredoiral d2006l) concludes on the "Galactic 
warp versus dwarf galaxy" debate with the statement that the warp 
can be formed by such a wide variety of causes that neither ra- 
dial velocity or photographic surveys can disentangle their origins. 
This is maybe the case, although a systematic survey of the ages, 
metallicities, distances and abnormal velocity profiles in this re- 
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gion should provide strong indications if a dwarf galaxy resides in 
the plane or not. The warp is an important part of the puzzle but 
should not stop progress in resolving this issue. 

Although the results from this paper are unable to answer 
questions regarding the velocity profile of these outer disc objects, 
it will attempt to understand those of the CMa and MRi overden- 
sities with regard to their distance and position in the Galaxy. In 
our discuss ion, we comment on th e likelihood of the proposals put 
forward by Mo manv et al.l |2006) in explaining the MRi in terms 
of the outer disc and whether the warp satisfactorily describes the 
CMa overdensity. 



3 OBSERVATIONS AND REDUCTION 

The data were obtained using the Anglo-Australian Telescope Wide 
Field Imager (AAT/WFI) at Siding Spring Observatory (SSO) in 
New South Wales, Australia. Mounted at the telescope prime focus, 
the camera consisting of eight 4kx2k CCDs with 0.2295 arcsec per 
pixel, covers a field of view approximately 33' x33' per pointing. 

The observations were taken over four observing runs, the first 
on the 22 nd -25 th January 2004, the second on 30 th January - 1 st 
February 2004, the third on the 14* fa -16* & of August 2004 and the 
fourth on the 1 st -5 th February 2006. All of the fields were observed 
with the g (WFI SDSS #90) and r (WFI SDSS #91) filters. These 
were chosen to minimise the fringing effects that can be present 
when observing with other filters. Each exposure consisted of a 
single 600 second exposure with the g filter and two 450 second ex- 
posures with the r filter. Two exposures were performed in r so as 
to avoid preserving cosmic rays and overexposing the brighter stars 
when using a single 900 second exposure. Each night, twilight flats 
were taken along with bias and dark frames for calibration and the 
closest Landolt Standard Star field to our target was observed every 
two hours. In this manner, the removal of instrumental signatures 
and precise photometric calibration could be achieved. The seeing 
at the SSO can vary from 0.9" to 3.0" thus heavily affecting the 
limiting magnitude of the data. Although some fields were lost due 
to poor weather conditions, only the fields with the best photometry 
have been presented here. 

The present survey was designed as a continuation of the 
Monoceros Ring Surv ey observed with the Isaac Newton Telescope 
Wide Field Camera dConn et al . 2005a). The fields were chosen to 
be roughly separated by 20 degrees in Galactic Longitude with ad- 
justments made on the final location to ensure that the field was 
placed to ensure minimal dust extinction. Altogether the present 
survey has observed fields from / = (193 - 25)°, across the Galactic 
bulge; this paper reports only on the results of those fields in the 
region/ =(193 -276)°. 

This part of the survey consists of 16 fields. Most fields are ap- 
proximately one square degree in size (four WFI pointings). How- 
ever some fields are a combination of one, two or three point- 
ings depending on the time available and quality of data obtained. 
The single pointing fields make up a strip of observations linking 
(240,-9)° with (240,+ 10)°. A summary of the field locations and 
area of the sky observed with the preliminary results of this survey 
is shown in FigureQjand TableQ] 

A specialised ve rsion of the CASU data reduction pipeline 
(Ir win & Lewisl200ll) was used to perform the de-biasing and trim- 
ming, vignetting correction, astrometry and photometry. The flat 
fielding of the science frames used a master twilight flat gen- 
erated over each entire observing run. To account for the dust 
extinction in the fields the dust.getval . c program supplied 
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Figure 1. The location of the survey fields in the region (l,b) = (193 - 276)° . 
The symbols denote the number of pointings per field. The resultant fields 
have been selected based on data quality and while ideally four pointings 
would correspond to about 1 square degree of sky, observations undertaken 
during February 2006 had only 7 out of 8 CCDs available in the array. 



by Schlegefl was used to determine the extinction for each star. 
This program interpolates the extinc tion from the dust maps of 
Schlegel, Finkbe iner. & Davisl J 1998h . Using the several standard 
fields observed per night provides a comparison for the calibration 
of the photometry to be determined. The standards are used to de- 
rive the CCD zeropoints fro m which all the magnitudes are deter- 
mined dlrwin & Lewisll200ll) . A catalogue of each colour-band is 
produced by the pipeline for each paired exposure of g and r. Non- 
stellar images are rejected; however, near the limiting magnitude, 
galaxies begin to appear stellar-like and thus become a source of 
contamination in the dataset. 



4 DATA PREPARATION 

4.1 Detecting Non-Galactic Structure 

Searching for additional structure within the Colour-Magnitude di- 
agrams (CMDs) of the AAT/WFI survey requires an understand- 
ing of the inherent structures present when observing through the 
Galactic disc. The Milky Way can be roughly divided into four 
components: Thin disc, Thick disc, Halo and Bulge. The Thin disc 
is essentially the plane of the Galaxy containing the majority of the 
stars and is where the spiral structure is also present. The Thick 
disc is less dense than the Thin disc and has a greater scale height 
out of the plane. The Halo is considered to be a smooth spherical 
distribution of stars around the centre of gravity of the Galaxy and 
extends out beyond 20 - 30 kpc. The Bulge is the central region of 
the Galaxy, including the Bar, and contains a very den se old stellar 
popul ation. The Besancon synthetic Galaxy mode{3 l lRobin et al.l 
2003) allows for these components to be considered separately as 
shown in Figure [2] Each component is revealed in a distinct re- 
gion of the CMD, allowing for at least a preliminary estimate of its 
origins when interpreting the CMDs from the observational data. 
It should be noted that the Besancon model employs a Thin disc 
cut-off at ~14 kpc f rom the Galactic centre. T he validity of such a 
cut-off is disputed in lLopez-Corr edoira ( 20q3). 



1 http://www.astro.princeton.edu/~schlegel/dust/data/data.html 

2 http://www.obs-besancon.fr/www/modele 
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Table 1. Summary of the observations of Canis Major Tidal Stream with the AAT/WFI, ordered in ascending Galactic longitude (/). The variation between the 
total area calculations of 2004 and 2006 are due to failed CCDs in the array shrinking the field of view. 



Fields 

m° 


Regions 
per field 


Average Seeing 
(arcsec) 


Total Area 

(deg 2 ) 


Monoceros Ring 


Average 
E(B-V) 


Date 


(193,-21)° 


4 


1.3 


1.21 


Maybe 


0.08 


30/01/04 


(218, +6)° 


3 


1.3 


0.8 


Yes 


0.01 


03/02/06 


(220,-15)° 


4 


1.0 


1.21 


Yes 


0.22 


31/01/04 


(220,+ 15)° 


3 


1.3 


0.91 


Yes 


0.04 


25/01/04 


(240,-9)° 


3 


1.0 


0.91 


Yes 


0.18 


24/01/04 


(240,-6)° 




1.0 


0.3 


No 


0.40 


31/01/04 


(240,-4)° 




1.0 


0.3 


No 


0.99 


31/01/04 


(240,-2)° 




1.0 


0.3 


No 


1.10 


31/01/04 


(240,+2)° 




1.0 


0.3 


No 


0.79 


31/01/04 


(240,+4)° 




1.0 


0.3 


Yes 


0.28 


31/01/04 


(240,+6)° 


4 


1.2 


1.21 


Yes 


0.13 


31/01/04 


(240,+ 10)° 


2 


1.3 


0.61 


Yes 


0.10 


01/02/04 


(245,-9)° 


4 


1.6 


1.21 


Yes 


0.14 


30/01/04 


(260,-10)° 


3 


1.3 


0.91 


No 


0.21 


01/02/04 


(273,-9)° 


2 


1.4 


0.53 


No 


0.29 


03/02/06 


(276,+12)° 


3 


1.1 


0.8 


Yes 


0.09 


01/02/06 



I 






Figure 2. The top panels show the Hess plots (a pixelated Colour Magni- 
tude diagram in which the resultant image is the square root of the num- 
ber density) of (24 0,-2)° field from the synthetic model of the Galaxy by 
iRobin etaLI (2003) being split into its various Galactic components - Thin 
Disc, Thick Disc and Halo. This illustrates where the various components of 
the galaxy lie on the CMD (Colour-Magnitude Diagram). The lower panels 
are from the model field (193,-21)° and show how the components vary 
further away from the plane of the Galaxy. 




Figure 3. On the left is the AAT/WFI CMD of the field (l,b) = (220,+15)°, 
and on the right is the same field as produced by the Besancon synthetic 
Galaxy model. The model outputs are CFHTLS-Megacam (AB) Photo- 
metric system converted to Sloan g' and r' using Equation [T] The fidu- 
cial sequence is pla ced with zero offset and uses the raw SDSS data 
iNewberg et alj2002l) from which the fiducial was created. 



As an example, Figure[2]shows the breakdown of the Galactic 
components as seen in two one square degree fields at (240,-2)° 
and (193,— 21)°. Analysing Figure[2]reveals that, as expected, fields 
closer to the plane have more stars than those away from the plane. 
This manifests in the smoother CMDs in the top panels, with the 
bottom panels containing fewer Thin and Thick disc stars. The 
structure of each component is due to the homogeneity of the 
Galaxy and as a result a Main Sequence forms at every distance 
increment along that line of sight. So as the Milky Way is probed 
deeper, the collective weight of the Main Sequences sum to form 



the CMDs that are observed. The closest Main Sequences, being 
brighter in apparent magnitude, form at the top of the CMDs with 
the subsequent Main Sequences, being fainter, forming lower down 
on the CMDs. The different stellar components of the Thin and 
Thick disc shows the significant change in density between the two, 
giving them different characteristics in the CMDs. The Thin disc 
being narrow and dense has a smaller scale height (typically esti- 
mated at several hundred parsecs thick) which forms a much tighter 
sequence in the CMD. The more diffuse Thick disc being more ex- 
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Figure 4. On the left is the AAT/WFI CMD of the field (l,b) = (220,+15)°, 
and on the right is the same field as produced by the Besancon synthetic 
Galaxy model. The model is now the Sloan g' and r' in the AB system 
converted to the INT/WFC g and r in the Vega Photometric system via 
Equation[2] The fiducial sequence has also undergone the same colour con- 



tended out of the plane (several kiloparsecs, thick) forms a broader 
sequence. Comparing the top and bottom panels in Figure [2] also 
shows the importance of the angle of the observations with regard 
the Galactic Plane. 

Detecting non-Galactic components then involves visually 
comparing the strong sequences detected in the observations with 
what is expected from the models. The Monoceros Ring is located 
beyond the edge of the Thick disc, and thus should be seen as a 
coherent sequence below t he last sequence of th e Thick disc, as 
can be seen in Figure 12 of Newberg et alj (2002). Differentiating 
it from the Halo component is simpler due to the Halo not hav- 
ing any strong Main Sequences present below the Thick disc in 
the range of our CMDs. So, any strong sequence below the Thick 
disc will most likely be of non-Galactic origins. Although given 
the recent hypothesis on the MRi being attributed to the flare of 
the disc, this will also need to be considered. Another possibil- 
ity is that a non-spherical halo could be misinterpreted as a "non- 
Galactic" feature in the outer Thick disc. Comparisons with the 
Besancon synthetic galaxy model reveals that their spheroid den- 
sity distribution has a fl attening of 0.76 and a power index of 2.44 
jRobin. Revle. & Crezell200r3) which is moderately non-spherical. 
They note a significant degeneracy between these parameters which 
could allow for spheroids with a (c/a) of 0.85 (close to spheri- 
cal) or 0.6 (quite oblate). As discussed in the following sections, 
the synthetic galaxy model does not introduce structures into the 
outer Thick disc and so the influence of a non-spherical halo can 
be assumed to be minimal. The existence of the Canis Major dwarf 
galaxy is currently being scrutinised and so the CMDs of the CMa 
region will be used to investigate the influence of the Galactic warp 
on the stellar populations present there and whether it is a viable 
solution to resolving the dwarf galaxy debate. 

The synthetic CMDs from the Besancon model data are con- 



sidered out to 100 kpc (heliocentric distance, Khc) which en- 
sures that the Halo population extends below the magnitude cut- 
off of the data and hence does not introduce additional structure. 
The synthetic fields contain a broad magnitude range (—99,99) 
for each passband with zero extinction and the inclusion of all 
ages/populations and luminosity classes. This then provides as 
complete a picture of the region of interest as the model can supply. 
It also allows us to apply colour and distance cuts at our discretion. 
The model can output directly to the bands qcfht & tcfht in 
the CFHTLS-Megacam (ABJj photometric system which need to 
be converted to the SDSS (g',r') system via EquationQ] 



r = rcFHT 

gCFHT 



9 = 



0.1480 x tcfht 



(1) 



1 - 0.1480 

iFrei & Gunnl Jl994l) report that no conversion is needed be- 
tween SDSS passbands (g',r') in the AB system to SDSS (g',r') 
in the Vega system. However, Figure [3] shows that when using 
only AB magnitudes, the AAT/WFI data in the Vega system does 
not match the model in the AB system. A fiducial of the ridge- 
line from the original SDSS detection of the Monoceros Ring by 
iNewberg et all 12002) can be seen to lie blueward of the bluest 
edge o f the data (See § 14, 1.2t . So, using the results of llbata et al.1 
(2003), who compared overlapping INT and SDSS fields to deter- 
mine a colour conversion between the two systems, the model is 
now shifted to the Vega system in this way. This is applicable to our 
data as both the INT dataset and our AAT dataset have been reduced 
using the same pipeline (with small modifications to allow for dif- 
ferences between the telescopes) and no such study has been un- 
dertaken with the AAT/WFI instrument. The resultant colour trans- 
formation to the INT (g,r) is: 



{g-r) =0.21 + 0.86 x {g - r') 
g = g +0.15 - 0.16 x (g - r) 



(2) 



The effect of this transformation can be seen in Figure[4] The 
converted SDSS fiducial, corrected via Equation [2] is now an ex- 
cellent fit to the strong sequence in these data. The photometric 
system of the model CMD is now the same as the AAT/WFI CMD 
and no further changes have been applied to the model or data. 
All figures in this paper will be shown in the same format as Fig- 
ure [4] utilising Equations Q] and [2] with the resultant (<?,r) from 
the synthetic Galaxy model considered the same as the extinction 
corrected observational dataset (g ,r ). The Besancon synthetic 
Galaxy model employs different density profil es for each compo- 
nent of the Galaxy. Th ese have been ou tlined in Conn et al .(2005a) 
and in more detail in Robin & Crezel 1 1986); R obin et alj ( 119961) : 
iRobin, Revle. & Crezel d2000h andlRevle & Robin ( 200l|). 



4.1.1 Magnitude Completeness 

Most of the fields presented here, consist of several overlapping 
subfields, see column 2, Table Q] The completeness of this sam- 
ple is determined in a simil ar manner to that of t he 2MASS All- 
Sky Point Source Catalogue dSkrutskie et alj|20061) . This approach 
determines the fraction of stars that are detected in both overlap- 
ping images as a function of magnitude. So by matching the stars 
within those overlapping regions and calculating the proportion of 



http://www.cfht.hawaii.edu/Instruments/Imaging/MegaPrime/ 
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Table 2. Parameters used to model the completeness of each field, ordered 
in ascending Galactic longitude (/). m c is the estimated 50% completeness 
level for each filter with A describing the width of the rollover function 
(Equation[3j. 



Fields (l,b) 


m c (g a ) 


m c (r Q ) 


A 


(193,-21)° 


22.40 


21.80 


0.40 


(218,+6)° 


23.40 


22.40 


0.50 


(220,-15)° 


22.90 


21.90 


0.30 


(220,+15)° 


23.60 


22.60 


0.30 


(240,-9)° 


23.60 


22.50 


0.40 


(240,+6)° 


24.00 


22.70 


0.40 


(240,+ 10)° 


22.65 


21.70 


0.25 


(245,-9)° 


23.30 


22.20 


0.60 


(260,-10)° 


22.80 


21.80 


0.40 


(273,-9)° 


23.40 


22.20 


0.50 


(276,+ 12)° 


23.70 


22.50 


0.40 



matched stars in each magnitude bin with respect to the total num- 
ber of stars observed, an estimate of the completeness is made. This 
produces a photometric completeness curve which can fit approxi- 
mately by the equation: 



I -L. e (m — m c )/X 

where m is the magnitude of the star, m c is the magnitude at 50% 
completeness and A is the width of the rollover from 100% to 0% 
completeness. The values used to model each field can be found in 
Tabled 

Although the completeness of our survey is not a key problem, 
attempting to characterise it does provide a manner in which we can 
compare the data quality of the various fields. In general, this allows 
an estimate of the magnitude at which the data becomes untrustwor- 
thy. Additionally, since the model is mostly used to help identify 
the major structures in the CMDs, it is unnecessary to apply the 
completeness function to the model. This is because those struc- 
tures are typically well away from the 50% completeness limit. It 
is also important to note that while this method does not account for 
stars in crowded fields, none of our survey fields can be considered 
crowded and so this approach is valid for the entire dataset. 

4.1.2 Estimating the Distance and Additional Calibration 

Determining the distance to the Canis Major and Monoceros Ring 
sequences is achieved by t aking the ridge - line o f the detection in 
the SDSS S223+20 field INewberg et al.1 J2002h . Figure 12] and 
creating a fiducial sequence. The AAT/WFI uses SDSS filters and 
so the fiducial sequence can be directly used on the data with the 
colour transformations described in Equation[2] 

The heliocentric distance esti mate of the SDSS S22 3+20 de- 
tection is assumed to be 11.0 kpc frfewberg et"aiT 2002). this then 
is the zero offset distance. Since the fields have been extinction 
corrected it is assumed that only distance variations are the cause 
for any deviation in magnitude from this location. This method 
does not account for possible differences in age or metallicity be- 
tween Main Sequences. The heliocentric distance is calculated us- 
ing Equation [4] and assuming the Sun is 8.0 kpc from the Galactic 
centre, the galactocentric distance is found from simple trigonom- 
etry. 

Rhc = 11-0 x (lQ 21 ^) (4) 



Determining a value for the error associated with such a mea- 
surement is dependent on several factors. Most predominant of 
these is whether the fields have been correctly calibrated with re- 
gard to their photometry and taking into account the dust extinc- 
tion present within the fields. The dust correction for this data will 
always over-correct for stars within the Galaxy, because the dust 
value is based on the entire cumulative impact of the dust along 
that line-of-sight iSchlegel. Finkbei ner. & Davislll998r) . The stars 
in this survey do not reside at the end of that line-of-sight and so 
will be over-corrected in the dust extinction process. In most of the 
fields, the levels of dust are sufficiently low that the difference be- 
tween the dust value used and the "correct" value should be small, 
see Table Q] 

To determine whether the colour transformations applied to 
the data set correspond to reliable distance estimates, three fields 
to which there are distance estimates to these structures from 
other surveys have been analysed. Those are (l,b) = (220,+ 15)°, 
(240,-9)° and (245,-9)°. The firs t field is very close to the orig- 
inal Monoceros Ring detection of iNewberg et alj d2002l) and the 
second and t hird ar e part of the Canis Major detection fields of 
iMartin et al.l d2005ah. The MRi i s known to have a distance of 1 1.0 
kpc in the INewberg et ail J2002I) field, at (220,+ 15)° it is also lo- 
cated at 1 1.0 kpc. F or the CMa fields, the distance determined by 
IMartin et al.l d2005al) is about 7.2 kpc. The present survey locates 
the centre of the strong sequence at 7.3 kpc or —0.9 magnitudes of 
offset. Importantly then, each distance estimate here is consistent 
with independent measurements of those structures. 

Having understood the errors involved in both the determina- 
tion of the photometry, extinction correction and the fiducial se- 
quence, manually placing this fiducial at the centre and two ex- 
tremes of an acceptable fit "by-eye" provides a range of distances 
over which this structure resides. Given the large errors involved, 
these distances can only be considered indicative of the true dis- 
tance. However, the range of magnitude offsets defining the ex- 
tremes do give a sense of the width of the structure. Several fields 
have only one distance estimate, as locating the extremes is not pos- 
sible due to the data quality or the narrowness of the sequence. The 
dominant strong sequence in each field, which could be attributed 
to either the Thin/Thick disc or CMa overdensity has only a single 
distance estimate, corresponding to the faintest edge of that fea- 
ture. This is due, in general, to the lack of a definite upper edge, see 
Tabled 

4.1.3 Signal to Noise Estimation Technique 

Estimating the signal to noise ratio (S/N) of the Monoceros Ring 
Main Sequence found in the data has been attempted for several 
fields. The criteria for S/N determination is that the MRi Main Se- 
quence is sufficiently distinct from the CMa/Disc sequence to avoid 
potential contamination. The model field is assumed to represent 
the properties of the background Galactic stars which should be re- 
moved to highlight the additional MRi Main Sequence. The model 
needs to be adjusted first to more accurately reflect the properties of 
the data and then subtracted to reveal the excess MRi stars. Before 
subtraction the model is degraded to match both the completeness 
profile of the data as shown in Tableland the relevant magnitude 
error properties. To ensure that similar numbers of stars are present 
in both the data and model prior to subtraction an additional scaling 
factor is applied. These processes result in the data and the model 
being essentially identical with the exclusion of the additional MRi 
Main Sequence. The S/N is estimated by dividing the number of 
stars in the feature by the Poisson noise due to the modelled num- 
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Figure 5. Hess plot (a pixelated Colour-Magnitude diagram where the 
grayscale is the square root of the number density for that pixel) of (l,b)° 
= (220,+ 15)° (Left) and the corresponding Besancon model (Right). This 
figure illustrates the alignment of the fiducial with both the dominant Main 
Sequence in the CMD associated with brighter nearby stars and the fiducial 
aligned with the MRi feature. As illustrated, the dominant Main Sequence 
is only defined by its fainter edge while the MRi feature is located along 
the centre of the Main Sequence. For this feature the offsets employed are 
—2.5 and 0.0 mag. To avoid unnecessarily cluttering the data CMDs, the 
following figures only show the placement of the fiducial on the model. 
This allows a direct comparison with model and highlights where the new 
features lie with respect to the expected Galactic components. 

ber of stars in the region^. Only five fields have been suitable for 
this estimate namely (l,b)° = (218,+6)°, (220,+15)°, (220,-15)°, 
(240,+ 10)° and (276,+ 12)°, see Table These fields have MRi 
detections which are easily distinguished from the dominant Main 
Sequences in the CMD and thus are suitable for this technique. The 
remaining detections are too close to the CMa/Disc population to 
easily measure their S/N ratio with this method. 



5 SURVEY FIELDS 

The location of each field is shown graphically in Figure Q] Each 
field presented in this section shows the C MDs with the appropri- 
ate fiducial sequence taken from the original INewberg et alj i20fj3) 
detection as described in the previous section. The CMDs that we 
have used are density maps of the underlying distribution with the 
square root of the number of stars per pixel being presented in all 
of the CMDs in this paper, called a Hess diagram. This method pro- 
vides better contrast of the structures especially in high star density 
regions. In the following sections, the distance estimates to the ma- 
jor features present in each CMD are provided with an analysis 
of these results in the Discussion section. The principal features 
of the CMD have been identified by visual comparison with the 
Besancon model. The MRi Main Sequence is evident by its absence 

4 Parameters available on request: bconn@eso.org 



in the model and the CMa Main Sequence is inferred to be associ- 
ated with the strongest Main Sequence in the CMD. The fiducial 
is then placed on the CMD and shifted in magnitude to be aligned 
"by-eye" with the respective features. A more accurate technique is 
unneccessary given the inherent uncertainties already present in a 
distance estimate of this kind. It is important to note that the fidu- 
cials placed on the dominant features of the CMD are not neces- 
sarily considered detections, but rather placed to provide insight 
into all the features present in the CMDs. For the dominant and 
strongest sequence in each CMD, only the fainter edge has been fit 
with the fiducial sequence providing a single distance estimate. For 
the fainter coherent sequences, both the upper and lower extremes 
have been fitted giving a range of distances to that structure, see 
Figure [5] The complete list of the magnitude offsets and distance 
estimates is contained in Table[3] The brighter, nearer or more dom- 
inant sequence has been listed under the heading MW/CMa (Milky 
Way/Canis Major) to illustrate that differentiating between the two 
is not straightforward when using CMDs. Although some fields are 
most likely to contain only Milky Way stars, there are several that 
are possibly a mix, or completely dominated by CMa stars. For this 
reason, this structure is left ambiguously identified in Table [3] The 
fainter, more distant or less dominant sequence is listed under the 
heading MRi. To understand the widths of the structures and hence 
an estimation of the errors for each field, this table should be refer- 
enced. The final structure of interest are the Blue Plume stars which 
are located around 18 th magnitude and in the colour range (g — r) 
= 0.0 - 0.3. These stars can be seen clearly in Figure [10] and are 
discussed further in § 16.2.21 



5.1 Monoceros Region 

The four fields presented here are in close proximit y to the original 
detect ions of the Monoceros Ring as presented in INewberg et al.1 
(2002). Importantly, the present survey has sampled both sides of 
the plane, finding the MRi to be present across the Galactic plane. 
This has implications regarding whether the MRi could be a phe- 
nomena related to the Galactic warp and flare. 



5.1.1 Fields at (193, -21)° 

This is the furthest field West from Canis Major (towards the anti- 
centre direction) that is included in this survey (Figure[6j. Despite 
the good seeing and area covered in this field, many of the fainter 
stars have been lost due to the relative proximity of the Moon. This 
has removed a lot of the detail present in other fields of similar 
size. Using the fiducial sequence on the two main features in this 
CMD, we obtain two distance estimates. The first using an offset 
of — 1 .2 mag corresponding to a heliocentric distance of ~6.3 kpc. 
The second more distant feature, somewhat more tentative, is found 
at an offset of 0.5 mag, or Rhc ~ 13.8 kpc. Given the lack of 
clarity regarding the potential Monoceros Ring feature in the data, 
no attempt has been made to measure the spread of distances over 
which it is visible. Indeed, it is uncertain whether this is simply the 
strong overdensity of stars seen at the faint blue end of the model 
CMD. The stars located at the faint blue end of the CMD are most 
likely misclassified galaxies and are unlikely to represent any real 
Galactic structure, they have a considerable error in colour as can 
be seen by the error bars on the right hand side of the panel. The 
50% completeness in g a for this CMD is 22.4 mag. 
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Table 3. Summary of the observations of Canis Major Tidal Stream with the AAT/WFI, ordered in ascending Galactic longitude (/). 
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Figure 6. Hess plot (a pixelated Colour-Magnitude diagram where the 
grayscale is the square root of the number density for that pixel) of (l,b) 
= (193,-21)° (Left) and the corresponding Besancon model (Right). The 
synthetic Galaxy model is taken from the Besancon online galaxy model 
website. The model has a distance interval of 100 kpc from the sun to en- 
sure no artificial cuts enter into the CMDs. The model is selected in U band 
and then converted to g, r using colour corrections from the INTAVFC web- 
site. There are two structures in this field, the strong sequence beginning at 
go — 19.0 and a fainter coherent sequence at about 20 t,I -21 Bf magnitude . 
The offsets required to fit the fiducial sequence from Newberg et al J )2002h 
are —1.2 mag and 0.5 mag. Heliocentrically, this corresponds to 6.3 and 
13.8 kpc. The 50% completeness in g a for this CMD is 22.4 mag. 



5.1.2 Fields at (218, 4-6)° 

At the same Gal actic longitude as the o riginal Monoceros Ring de- 
tection made by iNewberg et alj d2002h . the CMD is presented in 
Figure[7] The two fiducials are offset by — 1.5 mag for the brighter 
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Figure 7. Hess plot of (l,b)° = (218, +6)° (Left) and the corresponding 
Besancon model (Right). The figure is otherwise the same as Figure|6] The 
sequences fitted here are offset by —1.5 mag and O.O^q'^ mag. The helio- 
centric distance of these offsets are —5.5 kpc and ll.trtJ'2 kpc. The CMD 
is 50% complete at g a = 23 .4 mag. 



sequence and 0.0± ;| 5 mag for the fainter coherent sequence. 
These result in distance estimates of —5.5 kpc and — 1 l.Ot \\ kpc 
respectively. The CMD is 50% complete at g a = 23.4 mag. Given 
the broad nature of the Milky Way sequence, only the distance to 
the lower boundary is stated. The S/N estimate for the MRi in this 
field is —34. This value is higher than expected, probably due to the 
close proximity of the dominant Main Sequence. The model does 
not cleanly subtract this feature and so some counts remain to boost 
the signal to noise estimate. 
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Figure 8. Hess plot of fti>)° = (220,-15)° (Left) and the corresponding 
Besancon model (Right). The figure is otherwise the same as Figure|6] The 
sequences fitted here are offset by —1.4 and 0.2^g'g mag. The heliocentric 
distance of these offsets are 5.8 and 12.1^'g kpc. At g = 22.9 magni- 
tudes, the CMD is 50% complete. 

5.1.3 Fields at (220, -15)° 

As the Southern counterpart for the o riginal Monoceros Ring de- 
tection made bv lNewberg et all J2002I) . the CMD for (220,-15)° is 
presented in Figure[8] The two fiducials are offset by —1.4 mag for 
the brighter stronger sequence and 0.2ig| mag for the fainter co- 
herent sequence. These result in distance estimates of ~5.8 kpc and 
~ 12. 1 jli's kpc respectively. At g a = 22.9 magnitudes, the CMD 
is 50% complete. The fainter sequence is found to have a S/N ~ 
32, although this estimate is probably contaminated by the nearby 
brighter Main Sequence. 

5.1.4 Fields at (220, +15)° 

This field, Figure [9] is the closest to the original Monoceros Ring 
detection made bv lNewberg et al. I J2002h taken during the present 
survey. The two fiducials are offset by —2.5 mag for the brighter 
stronger sequence and 0.01q 35 ma g f° r the fainter sequence. These 
result in distance estimates of ~3.5kpc and ~11.0i 1 ]g kpc re- 
spectively. Being onl y five degrees from the fields presented in 
Newberg et al. (2002), the distance to the MRi here is the same 
as their distance estimate of 11 kpc. The 50% completeness in g a 
for this CMD is 23.6 mag. A S/N ~ 14 is found for the fainter 
sequence. 

5.2 Canis Major Region 

The following fields are part of a strip of observations linking 
(240, -9)° to (240, +10)°. The fields from b = -6° to b= +4° are 
single pointings, while (240, +6)° has four pointings filling out a 
~1° x 1° field and (240, +10)° has two pointings. These observa- 
tions provide a glimpse as to how the Galaxy profile changes across 
the Galactic plane. The high dust extinction of the lower Galactic 
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Figure 9. Hess plot of (l,b)° = (220,+15)° (Left) and the corresponding 
Besancon model (Right). The figure is otherwise the same as Figure|6] The 
sequences fitted here are offset by -2.5 and 0.0± ;| s mag. The heliocentric 
distance of these offsets are 3.5 and 11.0^'g kpc. The 50% completeness 
in g a for this CMD is 23.6 mag. 

latitudes has distorted the CMDs; however, there is still information 
in these fields and for this reason they have been left in. The dust is 
more prominent in the Southern fields as characterised by the lesser 
distortion of the CMDs in the Northern fields. All of the fields from 
b = —6° to b = +6° were observed under the same conditions with 
the (240, +10)° field observed the following night. 

5.2.1 Fields at (240, -9)° 

This field is centred on the location of the putative core of the Canis 
Major dwarf galaxy (Figure [Tot. The very strong sequence running 
the length of the CMD can be fit along the faint edge with a fidu- 
cial offset by —0.6 mag which corresponds to ~8.3 kpc. Placing it 
roughly along the ce ntre of the feature r equires an offset of —0.9 
mag or ~7.6 kpc. In lConn et al.l d2005bl) . the presence of the MRi 
in the background of the CMa overdensity was revealed. This was 
determined to be at a distance of 13.5+0.3 kpc. Indeed, just below 
the sequence dominating the CMD there does seem to be an excess 
of stars which may be another coherent sequence, its contrast is low 
due to the dominating effect of the CMa sequence. An offset of 0.4 
mag is needed to align the fiducial with this feature, corresponding 
to a heliocentric distance of 13.2 kpc. Given the match this makes 
with the AAT/2dF detection this is considered a tentative detection. 
The CMD is 50% complete at g a = 23.6 mag. 

5.2.2 Fields at (240, -6)° 

In Figure QT] the strong sequence is still present in this field al- 
though distorted by the increased level of dust and possible non- 
photometric conditions. The Blue-Plume stars (see § |6.2.2t are still 
easily visible and while there is contention over their origins, they 
are still indicative that the general structures present here are un- 
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Figure 10. Hess plot of (l,b) = (240,-9)° (Left) and the corresponding 
Besancon model (Right). As for Figure[6] The strong sequence in this field 
is determined to be at ~8.3 kpc from an offset of —0.6 mag with the fiducial 
sequence. Below this strong sequence is an excess of stars at a g = 20-21 
mag and (g a — r a ) ~ 0.5. This excess follows below the strong sequence 
as it increases in colour. Fitting a fiducial to this excess at an offset of 0.4 
mag a distance of 13.2 kpc is obtained. This in excellent agreement with 
estimat ed distance t o the MRi of 13.5 kpc as derived in the AAT/2dF survey 
of IConn et al . (2005b). This is deemed a tentative detection of the MRi in 
this field. The CMD is 50% complete at g a = 23.6 mag. Note the presence 
of BP stars at g a < 18. 



changed from the previous field. Consisting of only one exposure, 
the 50% completeness level has not been calculated. 



5.2.3 Fields at (240, -4)° 

This field (Figure[T2l. as with those closest to plane, is heavily af- 
fected by dust extinction. In particular, it has the second highest 
dust levels in our survey, where E(B-V) is typically around 0.99. 
Again, despite the loss of structure in this field, the CMD still 
shows evidence for a Blue Plume population although it appears 
a little weaker than the preceding (240,-6)° field. The CMD has 
been left in the location as determined by the calibration process of 
the CASU pipeline. The high dust levels are the most likely cause 
for the distortion on the Main Sequences present in the CMD. No 
completeness estimate has been made for this field. 



5.2.4 Fields at (240, -2)° 

The dust extinction in this field, Figure [T3] is extremely high, typ- 
ically around an E(B-V)~1.1. There is a faint suggestion of the 
presence of Blue Plume stars, although less so than in the previ- 
ous field. The strong sequence visible in this region of sky is still 
apparent. However, it is impossible to provide a distance estimate 
to this structure. The limiting magnitude of this field is most likely 
heavily affected by the dust accounting for its position with regard 
the CMDs in the remaining survey locations. As for the two pre- 
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Figure 11. As for Figure|6] Hess plot of (l,b) = (240,-6)° (Left) and the 
corresponding Besancon model (Right). No offset is placed on this CMD 
due to the obvious distortion present which is most likely due to the increase 
in dust and non-photometric conditions. The CMD does show all the same 
features as present in the (240,-9)° field. Consisting of only one exposure, 
the 50% completeness level has not been calculated. 




Figure 12. Hess plots of (l,b) = (240,-4)° (Left) and the corresponding 
Besancon model (Right). The high dust levels in this field E(B-V)~1.4, 
has distorted the resultant CMD. Although the exact features of the CMD 
are indistinguishable, the presence of the Blue Plume stars remains obvi- 
ous, although seemingly weaker than the (240,-6)° field. No completeness 
estimate has been made for this field. 
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Figure 13. Hess plots of (/,£>) = (240,-2)° (Left) and its counterpart syn- 
thetic CMD (Right). The dust here again is heavily distorting the Main Se- 
quences, allowing only the weak presence of the Blue Plume stars to be 
visible. As for the two previous fields, there is only one pointing in this 
direction and so no completeness estimate has been made. 

vious fields, there is only one pointing in this direction and so no 
completeness estimate has been made. 

5.2.5 Fields at (240, +2)° 

This field, Figure |T4j begins to re-emerge from the dust problems 
below the plane, showing a strong sequence across the CMD. Un- 
fortunately, due to the distortion effects of the dust, an estimate 
of the distance to this structure is still not possible. It is difficult to 
judge whether the sequence feature seen here is created by the same 
structure detected below the plane. The Blue Plume population is 
no longer present, which may indicate these are purely Galactic 
stars or that it has shifted to brighter magnitudes which are satu- 
rated in this survey. Continuing the strip of single pointings above 
the plane, this field also has no completeness estimate. 

5.2.6 Fields at (240, +4)° 

Here the main components present in the CMD, Figure [T5] can be 
fit with fiducials at magnitude offsets of —1.4 mag and 0.1 mag. 
The distances then to these features are 5.8 kpc and 11.5 kpc, he- 
liocentric. This field with a single pointing has no completeness 
estimate. 

5.2.7 Fields at (240, +6)° 

Consisting of four pointings, this field is the largest of the Canis 
Major region targets above the plane (Figure [T6l>. The strong se- 
quence here corresponds to a magnitude offset of —1.2 mag, or 
~6.3 kpc. With the lower sequence residing at ~12.6_* - @ kpc or 
0.3 jig '3 mag of offset. A 50% completness in this CMD is found at 
g a = 24.0. 



Figure 14. Hess plots of (l,b) = (240,+2)° (Left) and its counterpart syn- 
thetic CMD (Right). Although heavily affected by dust, the dominant Main 
Sequence is now clearly visible. The Blue Plume population seems to have 
disappeared or become too bright, leaving what may be solely Galactic stars 
behind. No distance estimate has been attempted for this field. Despite the 
distortion, there is obviously a very strong sequence present in this field. 
Continuing the strip of single pointings above the plane, this field also has 
no completeness estimate. 
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Figure 15. Hess plots of (Z,i>) = (240,+4)° (Left). The fiducial sequences 
plotted on top of the Besanc, on model (Right) are at offsets of —1.4 mag 
and 0.1 mag. These are at ~5.8 kpc and 11.5 kpc, respectively. This field 
with a single pointing has no completeness estimate. 
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Figure 16. Hess plots of (Z,2>) = (240,+6)° (Left) and its counterpart syn- 
thetic CMD (Right). As for Figure[6] The two fiducials are placed at offsets 
of —1.2 mag and 0.3^q'j mag, aligning with the features in the data. The 
heliocentric distance is 6.3 kpc and 12.6^'g kpc, respectively. A 50% 
completeness in this CMD is found at g a = 24.0. 



5.2.8 Fields at (240, +10)° 

Two pointings make up this field (Figure [T7l>, and again two se- 
quences are clearly visible in the CMD. The closer of the two is at 
—2.2 mag of offset, or 4.0 kpc. The more distant sequence is off- 
set at 0.5^03 ma g, or 13.8^1*7 kpc heliocentric. This field has a 
50% completeness in g a at 22.65. The S/N of the fainter feature is 
estimated to be ~ 22. 



5.2.9 Fields at (245, -9)° 

This field, presented in Figure [T8j was chosen to probe the lateral 
extent of the Canis Major dwarf/overdensity. Being 5° East in Lon- 
gitude, the dominant sequence in this region of sky is still very 
strong. The fiducial sequence has been fitted with an offset of —0.6 
mag. This offset corresponds to a distance of ~8.3 kpc. As with 
the field (240,-9)°, a fiducial closer to the centre of this feature is 
offset by —0.9 mag or 7.3 k pc. This value matche s the distance to 
dwarf galaxy as reported by iMartinet al. (2004b). A fiducial has 
been fitted to the faint MRi population just below the strong se- 
quence. The offset of 0.5 mag corresponds to 13.8 kpc heliocentri- 
cally. At 23.3 magnitudes in g Q , the CMD is 50% complete. 



5.3 Maximum Warp region 

The remaining fields in this part of the survey occupy the part of the 
Galaxy which is most affected by the Galactic warp. Due to pre- 
dominantly poor weather, only three fields of this regions are pre- 
sented. However, they do contain information regarding the Mono- 
ceros Ring and the Canis Major dwarf and also continue the Galac- 
tic plane survey into the fourth quadrant. 
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Figure 17. Hess plots of (l,b) = (240,+10)° (Left) and its counterpart syn- 
thetic CMD (Right). As for Figure [6] There are two structures present in 
the data for which the fiducial sequences are placed onto the model. The 
brighter of the two is at a magnitude offset of —2.2 mag, or ~4.0 kpc, and 
the fainter fiducial with an offset of O.S^g'g mag, or 13. 8^ 7 ^pc. This 
field has a 50% completeness in g a at 22.65. 
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Figure 18. Hess plot of (l,b) = (245,-9)° (Left) and the corresponding 
Besancon model (Right). As for Figure|6] As for the field (240,-9)°, this 
field contains a very strong sequence and is fit by the same offset of —0.6 
mag or 8.3 kpc. The presence of a fainter more distant sequence can be 
seen below the strong sequence and is fit with an offset of 0.5 mag at a 
heliocentric distance of 13.8 kpc. At 23.3 magnitudes in g a , the CMD is 
50% complete. Note the presence of BP stars at g Q < 18. 
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Figure 19. Hess plot of (l,b) = (260,-10)° (Left) and the correspond- 
ing Besancon model (Right). As for Figure [6] As for the fields nearer the 
(240,-9)° field, this field contains a very strong sequence and is fit by the 
an offset of —0.3 mag or 9.6 kpc. The MRi can not be seen in this field. The 
50% completeness level in g Q is found at 22.8 magnitudes for this field. 



5.3.1 Fields at (260, -10)° 

This field is located 20° from the Canis Major dwarf/overdensity 
and although the Blue Plume stars have maintained their location 
on the CMD, the strong sequence has shifted to fainter magnitudes 
(Figure [T9l. The fiducial sequence has been fitted with an offset of 
—0.3 mag. This offset corresponds to a distance of ~9.6 kpc. There 
is no clear evidence of the MRi in this field, which would reside 
below the strong sequence close to the limiting magnitude of this 
data. The 50 % completeness level i n g is found at 22.8 magnitudes 
for this field. iMartin et al.l d2006al) report on the detection of the 
MRi 12 degrees further in latitude from this field, in front of the 
Carina dwarf galaxy. This detection was made in velocity space 
and currently there is no firm estimate of the distance to the MRi 
at this longitude. Until observations in this region are extended to 
fainter magnitudes no detection of the MRi can be reported in this 
field. 



5.3.2 Fields at (273, -9)° 

This field is at the same latitude as the Canis Major 
dwarf/overdensity and, as seen in the previous field, the strong se- 
quence in this field has shifted to fainter magnitudes (Figure [20b- 
The dominant sequence remains very strong and is fitted with a 
fiducial with an offset of —0.3 mag. This offset corresponds to a 
distance of ~9.6 kpc. The CMD is 50% complete at g a = 23.4 
mag. This field shows some distortion at its faintest extremes, most 
likely due to a combination of the levels of dust in the region and/or 
changing conditions during the observations. While the fiducial has 
been fitted to the data, it is clear that the distortion inhibits the abil- 
ity to accurately locate the distance. Of most importance is the pres- 
ence of the strong sequence in this field and the Blue Plume stars 
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Figure 20. Hess plot of (l,b) = (273,-9)° (Left) and the corresponding 
Besancon model (Right). As for Figure|6] As for the field (260,-10)°, this 
field contains a very strong sequence and is fit by a similar offset of —0.3 
mag or ~9.6 kpc. The CMD is 50% complete at g = 23.4 mag. The distor- 
tion of this field due to dust means the fiducial cannot be fitted accurately. 

which reside in the same location as the fields at different longi- 
tudes. 



5.3.3 Fields at (276, +12)° 

In Figure|2T] the field shows clear evidence for the MRi. The fidu- 
cial sequence has been fitted to the MRi with an offset of 0.3 mag. 
This offset corresponds to a distance of ~12.6 kpc. The Milky 
Way/Dominant sequence is found with a fiducials corresponding 
to —2.0 mag or 4.4 kpc heliocentric. This CMD is 50% complete 
at g a = 23.7 mag. The fainter sequence is estimated to have S/N ~ 
26. 



6 ANALYSIS & DISCUSSION 

This section discusses the detections of the Monoceros Ring and 
those in the Canis Major region. This is done separately as there is 
no consensus on either the origin of these structures or their con- 
nectedness. 



6.1 The Monoceros Ring 

From this survey, we interpret the presence of apparent coherent se- 
quences beyond the edge of the Thin/Thick disc as the Monoceros 
Ring. This results in 10 detections across the entire longitude range 
of this survey and on both sides of the Galactic plane. Importantly, 
these results show that the Monoceros Ring cannot be reproduced 
by a warped disc scenario leaving only the Galactic flare or a non- 
Galactic origin for these stars. Figure [22] shows all the previous 
MRi detections as projected onto the Galactic plane. The star sym- 
bols are the detections outlined in Tableland so those star symbols 
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Figure 21. Hess plot of (/,&) = (276,+ 12)° (Left) and the corresponding 
Besancon model (Right). As for Figure|6] As for the field (260,- 10)° , this 
field contains a very strong sequence and is fit by a similar offset of 0.3 
mag or ~12.6 kpc. The Milky Way/Dominant sequence is found at 4.4 kpc 
through an offset of —2.0 mag. This CMD is 50% complete at g a = 23.7 
mag. 

close to the Sun are MW/CMa sequence distances, while those fur- 
ther away are the MRi. Fields above the plane are filled symbols 
and those below the plane are empty symbols. 

The circles at (61,±15)° and (75,+15)° from IConn et all 
(2005a) are included here as detections. A review of these fields 
during the preparation of this paper has found them to be detections 
of the MRi. The previous use of the Besancon synthetic Galaxy 
model out to only 50 kpc introduced a turn-off in the Halo popula- 
tion near these MRi sequences. This added confusion to the identi- 
fication of the MRi in these fields but increasing the model distance 
limits to 100 kpc removed this turn-off and showed these features 
to be truly MRi detections. 

The previous detections of the Monoceros Ring from CMDs, 
seen in Figure [22] show the distance estimates do not form a neat 
coherent picture of the structure. Rather, there are many gaps be- 
tween detections which limit our understanding of the overall shape 
of this feature. Our results seem to show a slight systematic prefer- 
ence for fields below the plane being further away than those above 
the plane. The fields above the plane from about / = (118 - 240)° 
do seem to maintain a consistent galactocentric distance of about 
16 - 17 kpc. There are also a few detections below the plane which 
consistently fall outside of the 16 kpc circle. 

The difficulty with Figure|22]is that while it distinguishes be- 
tween those fields above and below the plane, it does not fully con- 
vey how far apart those fields truly ar e. For instance, in the / = 
220° direction, the original detection by Newberg et al. ( 200^), the 
(218,+6)° field and the (220,+ 15)° reside at the same distance. 
The (220,-15 ) ° field with ~30° of latitude between it and the 
iNewberg et at] J2002h detection is found slightly further away at 
~ 12. 1 kpc. This is same structure present on both sides of the plane 
and with no young stars forming part of the MRi it is unlikely to 
have been caused by perturbations within the Disc. 
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Figure 22. Location of all of the detections of the Monoceros Ring (to date) 
and Canis Major dwarf (from this paper) projected onto the Galactic plane. 
The symbols denote the source of the distances and locations presented 
here. Filled symbols are detections made above the plane of the Galaxy, 
with empty symbols for those fields below the Galact ic plane. Approxim ate 
locations of the MRi stream (above the plane) seen in Grillmairl I2006bl) are 
illustrated with the solid line. The stars (filled and empty) are those detec- 
tions outlined in this survey. Ail kpc error bar in the lower right corner 
is indicative of the accuracy of these detections. The strip of observations 
at / = 240° is clearly evident with the fields below the plane (open stars) at 
the distance of the Canis Major overdensity and the fields above the plane 
(filled stars) at the Monoceros Ring distance. Since each field in the survey 
has been fit with two fiducial sequences, each is present here to illustrate 
their location with regard the other detections. 

6.1.1 Can the Flare explain the Ring ? 

Momanv et al. (2006) present a possible explanation for the exis- 
tence of the Monoceros Ring in terms of the flaring of the Galactic 
disc. The Flare in the Disc is in addition to the Warp and represents 
a gradual widening of the Disc with increasing Galactic radii. They 
present several figures sho wing the locati o n of t he pr evious MRi 
detectio ns, from both the Newberg et al. ( 2002) and IConn et al.l 
Il2005al) . as intersecting the Flare in the Yusifov (2004) model. Fig- 
ure|23|shows the Yusifov models' prediction for the stellar density 
profile of the Galaxy in direction of / = 123°, a field which contains 
two detections of the MRi in the same direction, namely b= — 19°. 
The Warp in this part of the Galaxy extends North as seen here and 
because of the Flare, the width of the Galaxy grows with increas- 
ing distance. The Sun is located at the origin. The stellar density 
can be seen to decrease in both the radial and the perpendicular di- 
rectio ns. The distance es timates to the detections found in this field, 
from Conn et al. (2005a), are shown as stars. There is an error of at 
least 10% on their location, as explained in that paper, and in Fig- 
ure!^] this error aligns itself with the line joining the location of 
the symbol and the origin. This figure clearly shows that density in 
the region of the detections is below 0.5% of the maximum stellar 
density in this direction. Attributing this feature to the Warp is not 
feasible since a warp would only produce a single smooth Main Se- 
quence. The Flare also does not introduce any structures or bound- 
aries of significance in the entire region and does not seem suitable 
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for explaining the MRi in this direction. To investigate this further, 
Figure[24lshows the line of sight density profile for the (123,-19)° 
field from the model. The two vertical lines are placed at the dis- 
tances of the two detections. It is evident that the model does not 
show any increase in density with increasing distance from the Sun 
and that the Flare cannot explain the presence of the Monoceros 
Ring here. 

Two other regions of interest when interpreting the Monoceros 
Ring are at / = 220° and / = 240°. In both cases, the MRi has 
been detected above and below the plane at the same longitude. 
The stellar density predictions from the Yusifov model are shown 
in Figures [25] & [26] In Figure [25] the diamond symbols are from 
iNewberg et al.l {2002), while the star symbols are from this paper 
and altogether they show that the MRi in this region is an extended 
vertical structure in the disc. Although it is unsure whether the de- 
tections on either side of the plane are of the same origin, the co- 
incidence in their distances should be noted. It is also apparent that 
known Galactic structure is unable to account for an overdensity at 
this distance. Could the density profile seen in Figure [24] be pecu- 
liar to that direction? Figure [27] presents the line of sight density 
for all the detections seen in Figure [25] The two vertical lines de- 
limit the minimum and maximum MRi distance estimates for these 
fields. Again, it can be seen that the stellar density profile is unable 
to reproduce an increase in stellar density which could explain the 
MRi. The MRi detections here are found within a variety of stellar 
densities and so neither the Warp or the Flare can be invoked to 
justify their presence. At / = 240°, the Northern detections range 
from ~11.5 kpc at (240,+4)° to ~13.8 kpc at (240,+ 10)°. Below 
the plane, the field (240,-9 )° is also found at ~ 13.8 kpc which is 
consistent with the results o flConn et al. (2005b). While there is not 
the neat correlation between the Northern and Southern detections 
in this region, as with the / = 220° fields, it does confirm again that 
the smooth stellar density distributions are unable to account for 
the overdensity of stars contained in the MRi. The warped flared 
Milky Way does not c ontribute si gnificantly at the locations of the 
MRi, as claimed bv lMomanv et al.1 feOOrj) . 

There is no neat coherent picture of the MRi structure even 
considering the many detections of it, primarily due to relatively 
small areas of sky surveyed, combined with rough distance esti- 
mates. However, regardless of this, the Galactic flare is not a likely 
source for this overdensity of stars. And while this has only been 
tested on the Yusifov model, the similarities between the various 
models make it unlikely that any of them will be able to gener- 
ate a significant overdensity of stars at the distances found in the 
data. Additionally, even the possibility of it being a distant spiral 
arm, is countered by the vertical extent of the MRi out of the plane. 
For those dissatisfied with a tidal stream origin for the MRi, other 
mechanisms will have to be invoked. In the meantime, the best ex- 
planation is a tidal stream scenario and so given that, where then is 
the progenitor? 



6.2 The Canis Major Dwarf 

The existence of the Canis Major Dwarf is debated by 
ICarraro et af] d2005h.lMoitinho et all l2006h . lMomanv et al.l J2006I) 
and lLopez-Corre doira (2006), who propose either a new warp or 
spiral arm scenario to explain the presence of the overdensity in 
this region. While all the issues raised in these papers cannot be 
addressed here, some qualitative comparisons can provide further 
insight into this debate. 
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Figure 23. Stellar density profile of the Galaxy as described by lYusifo\j 
12004), in the direction of / = 123°. It covers all Galactic latitudes from 
—90° <b<90° . The star sy mbols denote the location of the Monoceros 
Ring detections as presented in lConn et al . (2005a). The colour scale corre- 
sponds to the stellar density of a given coordinate divided by the maximum 
density for the region. The Galactic plane is seen clearly as the region of 
high density and it shifts above the plane with increasing distance in corre- 
spondence with the properties of the Northern warp. 




Figure 24. Line-of-sight stellar density profile from the Yusifov (2004) 
model for (123,-19)°. The location of the two vertical lines correspond 
to the distances of the two MRi detections in this direction. The first is lo- 
cated at 14 kpc with the second at 21 kpc. This shows that the expected 
stellar density contribution due to the Warp and Flare is 10~ 4 times smaller 
than the maximum stellar density along that line-of sight. There is also no 
increase in density to account for the presence of the MRi at these distances 
in this direction. 



6.2.1 Warp or Dwarf? 

The primary source of doubt over the presence of the dwarf galaxy 
is whether a warp in the disc of the Galaxy i s sufficient to explai n 
the overdensity of M giant stars as reported in lMartin"et ID {2004a). 
The warp in the Galaxy has been known for a long time and was pri- 
m arily described through observations of the gas disc, as presented 
in iBurtonl dl988h . Tracing the warp through the stellar populations 
is more difficult, as only certain typ es of stars have reliable distance 
estimate techniques. lYusifovll2004l) exploits the pulsar distribution 
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Figure 25. As per Figure l23l this is the stellar density profile of the Galaxy 
in the direction I = 220° . The star symbols corresponds the detections of the 
MRi a s outlined in this paper, while the diamonds are from Newberg et al. 
t2002h . 




5 10 15 20 25 

Distance in Longitudinal direction (kpc) 

Figure 26. As per Figure [231 this is the stellar density profile of the Galaxy 
in the direction / = 240° . The star symbols corresponds the detections of the 
MRi as outlined in this paper. 



around the Galaxy, while Lope z-Corredoira et al. I d2002h uses the 
2MASS catalogue to trace the warp with the old stellar population 
(giant stars & Red clump stars). The basis of these studies is the 
assumption that the Galaxy is essentially symmetric above and be- 
low the plane. Following the path of the symmetry r eveals the warp 
in the disc and its deviation from the b = 0° plane. iMomanv et al.l 
(2006) also employs the 2MASS catalogue using the raw counts of 
Red Giant Branch and Red clump stars above and below the plane 
to trace the warp. They argue their result shows the mid-plane of the 
disc is shifted by ~3° below the plane in the direction of the Canis 
Major overdensity at /~240°. This result does not elucidate how 
they account for the presence of dust around the Galaxy and stars 
at all latitudes and reddening are included. Although this presents 
a potential flaw in their argument, we can nonetheless proceed to 
examine the data in light of their claims. The survey presented here 
contains a strip of observations at /~240°, which provide an ex- 
cellent opportunity to try to understand the stellar populations of 
this region. Given that all of the warp models rely solely on sym- 
metric stellar populations around the plane to derive the warp, this 
can be used to interpret the CMDs presented here. If we consider 
the field at (l,b) = (240,-9)° as our basis for the warp/dwarf prob- 




Figure 27. Line-of-sight stellar densities for each detection around / = 220° . 
The two vertical line delimit the maximum and minimum distance estimates 
for the MRi in this region. As with Figure [24] the overdensity of stars be- 
longing to the MRi do not originate from the warp or flare of the Galaxy. 
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Figure 28. Colour-Magnitude Diagrams of (240,-9)° (Left), (240,+10)° 
(Centre) and (240, +4)° (Right). The fiducial sequence placed on each fig- 
ure is for the distance of 7.2 kpc. If there was no warp in the disc of the 
Milky Way then the (240,-9)° and (240,+ 10)° should be similar due the 
approximate symmet ry of the disc. Howeve r, if the Milky Way is warped by 
~3° as suggested bv lMomanv et alj <2O06l) then (240,-9)° and (240,+4)° 
should be similar. Given that the two fields will differ with increasing helio- 
centric radius, the fiducial is placed at the same distance to highlight where 
they should be the same. 



lem, then, by symmetry, there should be a field which is similar on 
the Northern side of the plane. Figure [28] shows three CMDs from 
the strip of observations at /~240° chosen to aid our understand- 
ing. The field on the left is the observation at (l,b) = (240,-9)°, 
the centre is (240,+ 10)° and the right CMD is (240, +4)°. Overlaid 
on eac h of the CMDs is the fiducial sequence from lNewberg et ail 
d2002l) used in the previous sections. It is placed at a magnitude 
offset corresponding to ~7.3 kpc and serves as a reference point 
for all the stars at that distance. If the Galaxy had no warp, then 
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Figure 29. Line-of-sight stellar density for (l,b) = (240,-9)° and 
(240, +4)° fields. The filled symbols are for the Southern field and 
the empty symbols for the Northern fiel ds. The v arious models are the 
Besanc on synthetic Galaxy model (st ars), lYusifovl J2004I) model (circles) 
and the Lopez-Corredoira et al. 1 2002) model (triangles). 



the b = —9° and b = +10° fields should be, by symmetry, almost 
identical. Clearly, both the strength and location of the dominant 
Main Sequence feature in the South is unmatched in the North. 
This supports the pre sence of the warp in this part of the Galaxy. 
Mom anv et al.l {2006) find the mid-plane of the Galaxy to be offset 
by ~3° below the plane at /~240° . This implies that the proper cor- 
responding field to compare the (240,-9)° field is not (240, +10)°, 
but rather (240,+3)°. Unfortunately, this survey does not include 
a field in this location and so the (240,+4)° is shown instead. The 
(240,+2)° could also be considered but is affected by too much ex- 
tinction to be useful in this comparison. Again, the Southern field 
contains many more stars along the entire length of the dominant 
sequence than its Northern counterpart, showing that the symmetry 
argument is unsuitable for this field. Therefore, the warp is not an 
adequate explanation for the CMa overdensity. This simple test re- 
veals that these fields are not symmetric around the warped plane. 
The reasons for supporting the presence of the dwarf galaxy is not 
to merely substitute it for the warp, but rather to show that there are 
more stars in this location than can simply be explained by adjust- 
ing the warp in the Galactic disc. Comparing the predictions of each 
model for the fields (l,b) = (240,-9)° and (240, +4)°, Figure [29] 
shows the stellar density profiles as predic ted by the l Yusifovf 1 2004 ) 
model, the Lopez-Corredoi ra et al.l d2002h model and the Besancon 
model. The Besancon model's prediction is generated via the his- 
togram of star counts taken from the same data source as the com- 
parison fields generated in Figures[T0land[T5l The abrupt cut-off in 
the Besancon model is from only selecting the thin disc stars in this 
analysis. The other two models are generat ed via the density equa- 
tions presented in t heir respective papers ( Lopez-Corredoi ra et al.l 
2002l: lYusifovl2004l) . Figure [29l clearly shows that none of the mod- 
els predict any rise in stellar density at the 7.3 kpc distance of the 
CMa overdensity. Only the Besancon model shows a rolling over 
of the stellar density at ~5 kpc for the Southern field and ~3 kpc 
for the Northern field. This does favour higher stellar densities in 
the South but comparisons with the model, as in Figure [10] show 
that there i s a clear discrepancy between t he model and the data. Al- 
though the Lopez-Corredoi ra et al.l fc002h model maintains roughly 




Figure 30. Blue Plume stars selected from the Besancon synthetic Galaxy 
model in the field (240,-4)°. The top panel shows their location on a 
Colour-Magnitude diagram. The middle panel is their distribution of Ages 
(parametrized into 10 bins), with Age 2 corresponding to stars 0.15-1 Gyr 
old and Age 3 being stars 1-2 Gyrs old. The lower panel is the heliocentric 
distance distribution of the stars in kpc. The striation in the top panel is due 
to the resolution of the model and is not an observable phenomena. 

the same stellar density profile in both hemispheres, at only ~5 % 
of the maximum stellar density in that direction the density is far 
too low at the distanc e of the dwarf to account for the number of 
stars seen there. The Yusifov ( 2004) model with different warp pa- 
rameters predicts more stars in the North than in the South as seen 
in Figure|29lat b = +4° and -9°. 

The AAT/WFI data presented here does suggest that there is 
an overdensity of stars below the plane at / = 240° , which is still un- 
explained by the latest warp models. Although the Besancon model 
can be criticised for introducing a thin disc cut-off and not having 
the latest estimations of the warp and flare, it does attempt to model 
the entire set of properties considered to be part of the Galaxy. New 
parameters of the warp and flare need to be incorporated into the 
entire picture of the Galaxy to be truly useful when presented with 
actual data. These additional stars are unexpected in a mostly sym- 
metric Galaxy, but whether they belong to a dwarf galaxy or not is 
difficult to tell. It is certain though that the standard Galaxy model 
is inadequate and that a dwarf galaxy could introduce a strong se- 
quence as seen in the CMa region. 

6.2.2 The Blue Plume Star Problem 

Investigating the presence of the Blue Plume (BP) stars in the re- 
gion of the CMa overdensity has unveiled an interesting problem. 
The BP stars can be seen in Figure [10] around 1 8* ^ magnitude and 
in the colour range (g — r) = 0.0 - 0.3, however around 0.3 there will 
be some contamination from Main Sequence stars. Recently these 
stars have been connected with the Disc, the CMa dwarf galaxy and 
a distant spiral arm. So to which structure do the BP stars belong? 
The following section will present the arguments for both sides and 
conclude with a possible course of action to resolve this problem. 

The evidence in favour of the dwarf galaxy has relied on 
the presence of BP stars in the CMa CMDs. Figure 1 from 
Martmez-Delgad o et al.l d2005al) has illustrated that a model dwarf 
galaxy CMD could be consistent with these stars being part of the 
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Figure 31. Blue Plume stars selected from the Besancon synthetic Galaxy 
model in the field (240, +4)°. The top panel shows their location on a 
Colour-Magnitude diagram. The middle panel is their distribution of Ages 
(parametrized into 10 bins), with Age 2 corresponding to stars 0.15 - 1 Gyr 
old and Age 3 being stars 1-2 Gyrs old. The lower panel is the heliocentric 
distance distribution of the stars in kpc. The striation in the top panel is due 
to the resolution of the model and is not an observable phenomena. 



dwarf galaxy. More recentlv fButler et al] fcOO fj) has shown that the 
BP stars follow a different distribution, more confined to the Galac- 
tic Plane, than the Red Clump stars which we re used to iden t ify the 
CM a overdensity. Howev er, as proposed by ICarraro et alj (2005) 
and lMoitinho et alj §006), these stars might be associated with a 
much more distant structure, an outer spiral arm. The present sur- 
vey, consisting of only two filters, is unable to confirm the distance 
estimates of these previous studies, but using the large range of lon- 
gitudes available it can highlight where the BP stars are visible. 

Examination of the data reveals one possible solution to the 
BP star problem. The BP stars are clearly visible in the two most 
important fields of the CMa overdensity: (240,-9)° as shown in 
FigurefTOland (245,-9)° in Figure[T8] Close inspection of the other 
fields show that in fact all the fields at / ^ 240° below the plane 
have a BP population. Interestingly, none of the fields above the 
plane show any evidence of BP stars and those fields below the 
plane at / = (193 - 220)° also have no BP stars. So the BP stars 
in the present survey are visible solely below the plane and at / 
> 220°. Although, the fields / = (193 - 220)° may be too far out 
of the plane for the BP stars to be seen. This is not an issue for 
the Northern fields, as the Disc is sampled at several latitudes and 
the BP stars are not present. The only information provided by the 
present survey on the BP stars is the magnitude at which they are 
located on the CMD and the direction in which they were observed. 
A direct measurement of their distance is not possible, but since the 
distance to the sequences in the CMD can be estimated via fitting 
of the fiducial, a qualitative approach to the BP distance can be 
made. The first problem with the BP stars arises here. In each of the 
AATAVFI fields containing BP stars, the magnitude at which they 
are seen is almost constant. Indeed, while the main components 
of the CMD become fainter with increasing longitude, these stars 
maintain the same brightness levels. It can be concluded then that 
these stars are not associated with the strong sequences seen in the 
CMDs and in turn are not associated with the dwarf galaxy. 

The Besancon comparison fields of (240,-6)°, (240,-4)° and 



(240,-2)° (Figures [TT1 1121 and 1 1 3 1> also contain a BP population 
at a magnitude comparable with those seen in the data; perhaps 
then this is not the detection of a new structure, but rather an ac- 
cepted component of the Galaxy. A breakdown of the BP stars in 
the Besancon model provides some insight into their origins (see 
the analysis of the field at (Z,6)=(240, -4)° in Figure [30]>. The 
"Age" of the star in Figure [30l indicates whether it belongs to the 
Thin disc, Thick disc, Bulge or Halo. An Age of 1 - 7 corresponds 
to Thin disc stars, Age 8 - Thick disc, Age 9 - Halo and Age 10 - 
Bulge. The majority of the stars seen in the BP region are of Ages 2 
or 3, which is comparable to a population 0.15 - 1 Gyr old for Age 
2 and 1-2 Gyr old for Age 3. While many BP stars are local, out 
of the ~4100 stars plotted here in this colour-magnitude range, the 
distribution peaks at ~7 kpc and drops rapidly to zero by 8 kpc. 
This is due to cutting through the Thin disc in this direction. The 
missing BP stars in the Northern fields of the survey can be ex- 
plained by the Besancon model shown in Figure[3T] Here, at (l,b) = 
(240,+4)°, the BP stars are found in a magnitude range too bright 
to be observed at this location, as seen in the data from the present 
survey. The number of BP stars in this field is approximately a fac- 
tor of 10 times fewer than those of its Southern counterpart. The 
modelled Northern BP stars are also significantly closer at only ~3 
kpc. Both the paucity of BP stars and their proximity lead to the 
conclusion that these stars belong to the local Disc. With the Disc 
being warped, the line-of-sight for the Northern field exits the Disc 
earlier, reducing the numbers of BP stars visible. It also ensures 
the population appears closer; the reverse is true for the South. So 
when taking into account the predictions of the model, a plausible 
explanation for the BP stars being part of the Disc is found. 

6.2.3 Spiral Arms 

It has been conjectured that both the MRi and CMa overden- 
sities can be regard ed as part of normal Galact ic structure [see 
ICarraro et all J2005h and iMoitinho et"al] d2006h l- The MRi is 
considered to be an extension of the flare into higher latitudes 
(Mom anv et alj |2006) and the CMa over density a line-of-sight ef - 
fect close to the maximum Galactic warp dLopez-Corredoir al2006l) . 
To investigate how well the detections of both these structures align 
with the spiral arms, we have o verlaid their locations on Figure 3 of 
iMcClure-Griffiths et alj J2004I) as sho wn in Figurel32l The results 
of that paper have now been extended in lLevine et alj J2OO6) reveal- 
ing the presence of distant gaseous spiral arms out to ~25 kpc. Fig- 
ure [32] consists of a modelled grayscale density map of the differ- 
ential HI distribution with the spiral arm models of lCordes & Laziol 
(2002), over-plotted as solid red (gray) lines. On this, the locations 
of the MRi and putative CMa detections have been included in the 
same manner as Figure l22l 

Do the locations of the MRi detections suggest that it is part 
of a distant spiral arm? Most of the MRi detections do not seem to 
correlate with any of the nearby spiral arm locations, with the ex- 
ception of fhe lGrillmairl |2006b) which is the resu l t of the distance 
estimate of 8.9±0.2 kpc, however, fhe lGrillmaiil d2006bl) portion 
of the stream outlined here is found between b = (17 - 38)°, well 
above the plane. The remaining points almost seem to align with 
the gaps between spiral arms more strongly than with the spiral 
arms themselves. The fields in the first quadrant at I = 61° and 75° 
are both close to spiral arm overdensities. The difficulty with con- 
necting them to spiral arms is that the Northern fields reside at b 
= +15°, and both are at about 15 kpc from the Sun. This places 
them around 3.7 kpc out of the plane, well outside the warped 
flared regions in this direction. The field below the plane at (l,b) 
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Figure 32. Location of the Monoceros Ring and Canis Major detections 
shown with the grayscale map of the differential HI de nsity for a sim- 
ple fou r-arm Milky Way spiral model, the spiral model of Cordes & Lazio 
(20021) is overlaid as soli d red (gTay) lines. This i s a r eproduction of the 
left panel of Figure 3 from McClure-Griffiths et al. 1 2004), who kindly pro- 
vided their Fortran code to allow our points to be overlaid on their figure. 
The filled symbols represent detections above the plane, with t he empty 
symbol s those below. The MRi (above the plane) as discussed in lGrillmaiJ 
l 2006b) is shown as a solid black line. Note that this stream my appear 
as an extension of a Galactic spiral arm, but is, in fact, ~ 30° above the 
Galactic plane. The cros ses mark the location of the d istant spiral arm de- 
tections as mentioned in McClure-Griffiths et al ] J2004|) . The Sun is located 
at (0.0,8.0), with the lines intersecting the Sun marking out the Galactic lon- 
gitudes of 0° , 90° , 1 80° and 270° . A ± 1 kpc error bar in the lower right 
corner is indicative of the accuracy of these detections. 



= (61,-15)° is at 5.4 kpc out of the non-warped plane and so is 
further from the plane when considering the effect of the North- 
ern warp. The detection at (l,b) = (1 18, + 16)° is 3.3 kpc out of the 
non-warped plane and is again beyond the warped flared disc of the 
Galaxy. Continuing on around the Galactic plane, the fields at / = 
123° have been discussed in ^6. 1 .H and the remaining MRi detec- 
tions from the various other authors all typically lie between b = 
(20 - 30)° and cannot be associated with a warped and flared Disc. 
For the MRi at least, any alignment with the spiral arms appears 
purely coincidental, as the density profiles of the Disc do not allow 
for such overdensities to reside well above the Plane. 

Do the CMa locations follow the spiral arm? The CMa over- 
density fields can be seen as the nearby open star symbols from 
I = (220 - 273)° in Figure [32] The CMa fields are certainly close 
to the spiral arm, but are the progressively shorter distance esti- 
mates to these detections a statistical effect related to the distance 
estimation technique or does it represent a real change in direction 
for the overdensity? If the field at (I,b) = (193,-21)° is part of the 
overdensity, then CMa would be seen as an addition to the Disc 
component. This is because the location of the dominant sequence 
in that field is further below the plane than is expected. At ~5.8 
kpc from the Sun, it is 2. 1 kpc below the plane, much further than 
the 1.0 kpc predicted by the Besancon synthetic Galaxy model. If 
this is not an isolated overdensity of stars, then perhaps it is the 
CMa overdensity extended to these longitudes. Disentangling the 



CMa overdensity from the Disc is not simple, but fields contained 
in the present survey suggest that a pure warp scenario and hence 
a spiral arm theory cannot explain all of the observations. Indeed 
spiral arms seem not to be an identifiable feature within the CMDs. 
The INT/WFC fields at (l,b) = (61,±15)° cross 2 - 3 spiral arms 
and there is no distinguishable sign of these features in the CMDs. 
The spiral arms are not visible in the old Main Sequence stellar 
populations which are used to characterise both the MRi and CMa 
detections. The overdensity in CMa therefore cannot be considered 
a "normal" or additional spiral arm. A more detailed study of this 
region is imperative to resolve all these issues. 



6.2.4 The Canis Major Stream 

Given the interest in the Monoceros Stream and the subsequent pro- 
posal of a dwarf galaxy in Canis Major, it seems obvious to ask 
where the immediate tidal tails of the dwarf are to be found. The 
presence of an obvious tidal feature associated with the overdensity 
would strengthen the idea that it is a dwarf galaxy. To date, there 
have only b een two simu l ations o f the MRi/CMa system. The simu- 
lation from Martin et al. ( 2005a) uses kine matics of the CMa over- 
density as constraints on the model, while IPeharrubia et al.l J2005h 
constructs their simulation with data from the MRi. Although both 
simulations p redict the progenitor to be in the Canis Major re- 
gion, only the lMarthTe t al. (2005a) simulation places it in its cur- 
rently accep t ed loca tion. Given that this was the criteria for the 
Mart in et al.l {2005 a) model this result is unsurprising b ut search- 
ing for the CMa stream with the Pen arrubia et alj d2005h model is 
not feasible given it does not coincide with current observations. 
The following discussion will focus on the distance estimates to 
both the MRi sequence in the various fields and also to the distance 
of the dominant Main Sequence in the CMDs. It is important to un- 
derstand though that the dominant sequence could be either a pure 
Disc population, a pure CMa population or a mixture of both and 
although distinguis hing between them i s not possible the result is 
compared with the iMartin et alj J2005ah model. 

Figure 1331 shows the results of the numerical simulation of 
IMartin et alj d2005ah with the locations of the currently known de- 
tections of b oth the MRi and CMa. This is an extension of Figure 
20 as seen in Bellazzini et al. 112003). Firstly, it should be noted that 
the CMa dwarf galaxy is located at (/,£>) ~ (240,-9)°, as can be seen 
in the overdensity of points in that location (lower panel) with the 
CMa stream arcing into the northern hemisphere around I = 200° . 
The top panel shows the heliocentric distance to the points, with 
those below the plane in red and those above in green. CMa is lo- 
cated at its accepted distance of ~7 kpc. The other symbols are 
describ ed i n the Figure caption. A key feature of the IMartin et alj 
d2005d) and lPefiarrubia et alj J2005h models is that the MRi is sim- 
ply a wrapped tidal arm of the CMa accretion event. In this manner, 
the str u ctures descr i bed w ithin Newberg et alj j2002l) . lYannv et alj 
d2003l) . Ilbata et alj d2003l) and lGrillmairl d2006bl) conform to this 
idea of sampling a wrapped tidal arm. Their detections are in gen- 
eral more distant and less dense than t he immediate CMa stream 
as predicted by the lMartin et al. | (|2005al) model. So me observations 
in both the present paper and IConn et al] {2005a) do seem to co- 
incide with the predicted spatial location of the CMa stream on 
the skyHln particular, the fields at (I, b) = (118,+16)°, (150,+ 15)°, 



5 Bellazzini et al. (2007) contains additional observations, not included 
here, which also intersect with the predicted location of the CMa stream. 
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Figur e 33. Location of the Monoceros Ring and Canis Major detections shown with the numerical simulation of the Canis Major dwarf galaxy as presented 
in Mart in et al 1 12005 a). The symbols are as follows: in the top panel the simulation is shown with red (dark gray) dots representing stars below the plane and 
gree n (light gray ) above the plane. Filled sy mbols repre s ent o bservations below the pla ne and open symbols a re observations above t he plane. The circ les are 
from lConn et alj l2005al) ; the stars are from llbata et alj J20O3I) ; the diamonds are from Newberg et al. 12002); the asterisks are from Yamry et al. 1 200^); the 
squares are from the present paper with the plus (+) symbols for the CMa/Di sc dista nce in the northern fields and the cross (x) symbols for the CMa/Disc 
distance in the southern field. The outline of the stream described in lGriUmaid l2006b) is shown with the circles containing the plus signs. 



(218,+6)°, (260,-10)° and (273,-9)° are located within the mod- 
elled CMa stream as it is seen on the sky (lower panel). Indeed, 
when considering the distance estimates to the features in those 
fields there is a good correspondence with the predictions of the 
model. In the fields at (I, b) = (118,+ 16)° and (150,+15)°, the fea- 
tures are only a few kpc more distant than the model but it is only 
constrained in the CMa region, so this difference is not unexpected. 
At (I, b) = (218,+6)°, the distance estimate to the CMa/Disc feature 
is consistent with the model predictions, as is also the case for the 
(I, b) = (260,-10)° field; the (I, b) = (273,-9)° detection is found on 
the edge of the predicted distance estimate of the stream. For those 
fields in the CMa region, an interesting interpretation can be made. 
The detections below the plane (crosses) seem to demarcate the far 
edge of the dwarf, while the detections above the plane (plus signs) 
demarcate the near side. This can be seen in the location of these 
detections in the top panel. Could this be inferring the orientation 
of the dwarf? 

Although this rudimentary coincidence of the observations 



of the MRi/CMa fields with the iMartin et al] d2005ah model does 
not validate this model. It does suggest that previous observations 
termed MRi detections could be reinterpreted as CMa stream de- 
tections. In particular, both the (I, b) = (118,+16)° and (150,+ 15)° 
fields from IConn et a I] d2005ah would fit this new scenario. The 
fields from the present paper which align with the CMa stream also 
support this conclusion. Unfortunately, there are too few observa- 
tions between / = (100 - 180)° to further test the model in these 
regions. With the CMa stream predicted to be relatively nearby, 
testing these predictions at latitudes around b = 20° should be fairly 
straightforward. 



7 CONCLUSION 

The survey presented here consists of 16 fields from / = (193 - 
276)°, all observed with the AAT/WFI between 2004 and 2006, 
providing strong evidence that the Monoceros Ring cannot be con- 
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sidered part of the normal warp/flare profile of the Galactic disc. 
Of the 16 fields, 8 have a strong sequence beyond the normal Disc 
component which have been interpreted as the Monoceros Ring; 
two others are presented as tentative discoveries. Resolving the ori- 
gins of the putative Canis Major dwarf galaxy is extremely difficult 
with a survey of this kind, but the conclusions reached are that by 
symmetry around the warped Galactic plane, there is no field above 
the plane which matches the properties of those in the overdensity. 
Also, there is no appreciable change in the density profiles of the 
various Galactic disc models to explain an overdensity of stars at 
that distance in Canis Major. The origins of the Blue Plume stars 
reveal two contradictory scenarios. From one view they are part of 
the Galactic disc and from another they are not. Although a more 
detailed survey is needed to resolve this issue, they can no longer 
be associated with Canis Major overdensity stars. Searching for a 
spiral arm explanation to the Monoceros Ring and Canis Major de- 
tections are mostly excluded on the basis of their distance out of the 
plane. The Canis Major detections are close to the plane and par- 
tially mixed in with known Galactic components. This makes dis- 
entangling them very difficult. However, since spiral arms are not 
visible in the basic structure of CMDs, which are comprised mainly 
of old Main Sequence stars, attributing the putative dwarf to an 
outer spiral arm is not possible with the data in hand. Importantly, 
the location of the dominant sequence in the (l,b) = (193,-21)° 
field is highly inconsistent with current Galaxy models and may 
represent and extension of the CMa overdensity into this field. This 
field differs the most from the Besancon synthetic Galaxy model 
and may indicate a location where the CMa dwarf can be anal- 
ysed away from the Disc. A study to fill the gaps in the entire CMa 
region is required to determine the origins of these disputed struc- 
tures. Furthermore, the existence of a CMa stream can now be con- 
sidered a possibility with previous detections labelled as MRi de- 
tections now potentially associated with the CMa stream. Further 
sampling of the predicted locations of the CMa stream is necessary 
to resolve the uncertainties presented here. Although many proper- 
ties of the MRi and the CMa/Disc features are unknown, there is 
now a growing pool of evidence supporting a merger event in the 
Galaxy. Continued study will undoubtedly reveal their true impact 
on the formation and evolutionary scenarios of the Milky Way. 
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